All relevant data are within the paper and its Supporting Information files.

Introduction {#sec005}
============

As the incidence of hypervascular tumors that often metastasize to bones is increasing around the world, the importance of preoperative embolization is continuing to gather recognition among orthopedic surgeons and interventional radiologists \[[@pone.0175907.ref001]--[@pone.0175907.ref003]\]. Preoperative intra-arterial embolization has been credited with reducing intraoperative blood loss and is performed in patients with hypervascular tumors prior to surgery in many hospitals \[[@pone.0175907.ref004]--[@pone.0175907.ref010]\].

With the advent of C-arm angiography merged with flat-panel detectors, more widely known as cone-beam computed tomography (CBCT), it has become possible to obtain rotational images during intervention that can then be reconstructed to create cross-sectional images like those seen in conventional computed tomography. Moreover, the volumetric data can also be used to produce a three-dimensional reconstruction image of the arteries and tumor, allowing the interventional radiologist to visualize important structures more vividly and grasp the spatial relationship of the arterial branches more fully. These advantages of CBCT over the digital subtraction angiography (DSA) triggered its application in diverse interventional procedures, including chemoembolization, radioembolization, percutaneous biopsy, abscess drainage, and adrenal vein sampling \[[@pone.0175907.ref011]--[@pone.0175907.ref015]\].

However, even with CBCT, the preoperative embolization of tumors located especially in the pelvic bone remains a troublesome task because large bony structures interfere with the visibility of the tumor feeders that are already plentiful, intricate, and tortuous. If all the bone and neighboring structures can be digitally subtracted in the three-dimensional reconstruction image, leaving just the arteries and hypervascular tumor, preoperative embolization might be facilitated. Hence, this study aimed to evaluate the usefulness of CBCT with automated bone subtraction (CBCT-ABS) in the preoperative embolization of tumors located in the pelvic bone.

Materials and methods {#sec006}
=====================

Patients {#sec007}
--------

The Institutional Review Board approved this retrospective study, and informed consent from the patient was waived because of the retrospective nature of this study (IRB of Seoul National University Hospital, Approval number, 1602-065-740). From January 2014 to October 2016, a total of 69 patients with skeletal tumors underwent preoperative embolization in our institution. Inclusion criteria were 1) tumors in the pelvic bone, 2) preoperative embolization of a pelvic bone tumor, 3) subsequent surgery within two days after embolization, and 4) using angiographic equipment of Siemens. Among 69 patients, 26 patients met the inclusion criteria. The study population consisted of 19 men and 7 women (age range, 12--84 years; mean age, 50.5 years). A CBCT-ABS scan along with DSA was taken in a total of 17 patients (CBCT-ABS group), whereas only a series of DSAs was taken in the remaining 9 patients (DSA group) ([Table 1](#pone.0175907.t001){ref-type="table"}).

10.1371/journal.pone.0175907.t001

###### Clinical characteristics of 26 patients.

![](pone.0175907.t001){#pone.0175907.t001g}

  ------------------------------------------------------------------------------------------------------------------------------------
  Variables                                                       Total\                     DSA\        CBCT-ABS\   P-value    
                                                                  (n = 26)                   (n = 9)     (n = 17)               
  --------------------------------------------------------------- -------------------------- ----------- ----------- ---------- ------
  Age (yr±SD)                                                     50.5±19.0                  50.2±18.2   50.7±19.1   0.94       

  Sex                                                             Male                       19 (73%)    6 (67%)     13 (76%)   0.66

  Female                                                          7 (27%)                    3 (33%)     4 (24%)                

  Tumor location                                                  Right                      12 (46%)    5 (56%)     7 (41%)    0.68

  Left                                                            14 (54%)                   4 (44%)     10 (59%)               

  Tumor size (cm±SD)                                              9.8±4.2                    9.3±4.1     10.1±3.9    0.67       

  Type of tumor                                                   Hepatocellular Carcinoma   8 (31%)     3 (33%)     5 (29%)    

  Renal Cell Carcinoma                                            4 (15%)                    2 (22%)     2 (12%)                

  Osteosarcoma                                                    4 (15%)                    1 (11%)     3 (18%)                

  Chondrosarcoma                                                  3 (12%)                    1 (11%)     2 (12%)                

  Other Malignant Tumors[^\#^](#t001fn002){ref-type="table-fn"}   7 (27%)                    2(22%)      5 (29%)                
  ------------------------------------------------------------------------------------------------------------------------------------

Values are presented as mean± standard deviation or number (%).

^\#^Colon cancer, myofibroblastic sarcoma, malignant fibrous histiocytoma, hepatoblastoma, leiomyosarcoma, ovarian cancer, lung cancer

Imaging system and preoperative embolization {#sec008}
--------------------------------------------

Preoperative embolization was conducted using two fluoroscopic equipments designated for interventional procedures. The patients of the DSA group were treated using a fluoroscopic equipment (AXIOM Artis, Siemens, Erlangen, Germany), and the patients of the CBCT-ABS group were managed using another fluoroscopic equipment (Artis Zee, Siemens). Because the CBCT-ABS has been available since February 2015, all 7 patients who were treated between January 2014 and January 2015 belonged to DSA group. From February 2015, 17 patients were managed by using CBCT-ABS and two by DSA depending on the availability of fluoroscopic equipment.

Aortogram was first obtained using a 5-Fr pigtail catheter (Cook, Bloomington, IN). In the DSA group, selective angiograms of the internal iliac artery and its branches were obtained to detect tumor-feeding arteries as needed. In the CBCT-ABS group, the CBCT-ABS image was obtained at the internal iliac artery or common iliac artery ([Fig 1](#pone.0175907.g001){ref-type="fig"}, [S1](#pone.0175907.s001){ref-type="supplementary-material"} & [S2](#pone.0175907.s002){ref-type="supplementary-material"} Videos). The parameters for the CBCT-ABS scan are as follows: 0.5° increment, 512 x 512 matrix in projections, total angle of 211°, a total of 419 projections, and a scan time of approximately 7 seconds. Unenhanced CBCT was obtained first, and then an enhanced CBCT image was acquired by injection of contrast media (Pamiray 300, Dongkook Pharmaceutical, Seoul, Korea) 4 seconds before x-ray emission at a flow rate of 3\~5 mL/sec for 11 seconds. CBCT images were transmitted to a dedicated workstation (Leonardo with DynaCT, Siemens), where three-dimensional images with automated bone subtraction were reconstructed within 3 minutes.

![60-year-old man with hepatocellular carcinoma.\
A. Fat-suppressed contrast-enhanced T1-weighted MR image shows hypervascular tumor (arrowhead) in the left iliac bone. B. The left common iliac angiography shows hypervascular tumor staining (arrowhead) with possible tumor-feeding arteries (arrows): the superior gluteal artery and iliolumbar artery. C. The maximum intensity projection image of the digital subtraction cone-beam CT shows a hypervascular tumor (arrowhead) supplied by four tumor-feeding arteries (arrows): two branches from the superior gluteal artery, one branch of iliolumbar artery, and deep iliac circumflex artery.](pone.0175907.g001){#pone.0175907.g001}

Based on the findings of the DSA or CBCT-ABS images, tumor-feeding branches were catheterized using microcatheters with a 2.4-Fr tip (Direxion, Boston Scientific, Marlborough, MA) or 2.0-Fr tip (Progreat, Terumo, Tokyo, Japan) and were embolized by polyvinyl alcohol particles (Contour, Boston Scientific) and/or gelatin sponge particles (Cutanplast, MasciaBrunelli, Milano, Italy).

Data analysis {#sec009}
-------------

Radiological and clinical data were retrospectively reviewed by two radiologists (H.C.K. and D.Y.P.) in consensus. Tumor size was recorded as the longest overall diameter with using MR scans. Medical records were reviewed to check the complications related with the procedure such as rectal ischemia or cystitis.

The percent devascularization was estimated by comparing the first DSA and the last DSA taken during the interventional procedure. The number of angiographic runs was determined by counting the number of DSAs taken and adding one if a CBCT-ABS scan was also taken. As for the length of the intervention time, the time elapsed from the puncture of the femoral artery to the removal of the sheath was recorded. The operative time and estimate blood loss (EBL) were calculated from the intraoperative measurements registered by the anesthesiologist. Descriptors of radiation doses, including total dose-area product (DAP) and fluoroscopy time, were automatically measured by all the fluoroscopic equipments.

A total of seven variables, composed of the percent devascularization, number of angiographic runs, total dose-area product, fluoroscopy time, interventional procedure time, operative time, and estimated blood loss, were compared between the two groups using the Mann-Whitney test. The analysis of significance was two-sided, and the statistical significance was set at P value \< 0.05. SPSS (SPSS version 21.0, SPSS, Chicago, IL) was used to process and analyze the data.

Results {#sec010}
=======

The tumor size ranged from 4.0 to 20.4 cm (mean, 9.8 cm). No procedure-related complication was noted in all patients. The percent devascularization was not different between the two groups (p = 0.84) ([Table 2](#pone.0175907.t002){ref-type="table"}). Intervention time, fluoroscopic time, operative time, and estimated blood loss were also not statistically different between the two groups. On the other hand, the number of angiographic runs in the CBCT-ABS group was significantly lower than that in the DSA group (p = 0.029).

10.1371/journal.pone.0175907.t002

###### Comparison of preoperative embolization between digital subtraction angiography and cone-beam computed tomography with automated bone subtraction.
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  -----------------------------------------------------------------------------------------------------
  Variables                           Total\             DSA\              CBCT-DSA\          P-value
                                      (n = 26)           (n = 9)           (n = 17)           
  ----------------------------------- ------------------ ----------------- ------------------ ---------
  Percent devascularization (%)       92.5 ± 6.5         91.8 ± 5.7        92.9 ± 7.2         0.84

  Intervention time (min)             57.8 ± 20.7        61.7 ± 18.8       55.7 ± 23.6        0.73

  Operative time (min)                318.3 ± 138.2      312.2 ± 152.3     321.6 ± 98.6       0.79

  Estimated blood loss (mL)           3304 ± 2528        2483 ± 1913       3738 ± 2752        0.24

  Number of angiographic runs         5.4 ± 3.0          7.0 ± 4.0         4.5 ± 1.9          0.029

  Fluoroscopy time (sec)              940.3 ± 460.4      919.5 ± 243.8     951.2 ± 548.8      0.67

  Total dose-area product (μGym\^2)   14667.9 ± 8825.8   8939.4 ± 3406.5   17700.7 ± 9363.6   0.002
  -----------------------------------------------------------------------------------------------------

The total DAP of the CBCT-ABS group (mean, 17700.7 μGym^2^) was significantly higher than that of the DSA group (mean, 8939.4 μGym^2^) (p = 0.002). The mean DAP of one DSA run was 812.7 μGym^2^ and the mean DAP of one CBCT-ABS scan was 10197.2 μGym^2^.

Discussion {#sec011}
==========

Since its advent in clinical practice, CBCT has become an essential tool in performing both vascular and non-vascular interventional procedures \[[@pone.0175907.ref011]--[@pone.0175907.ref015]\]. This study investigated the pros and cons of integrating CBCT-ABS in the preoperative embolization of hypervascular tumors located in the pelvic bone. This study focused on tumors located only in the pelvic bone for two main reasons: first, the vascular anatomy in this region is complex, thus multiple DSA runs are frequently obtained to reveal tumor feeders; and, second, the DSA alone was considered sufficient in locating tumor feeders of hypervascular tumors located elsewhere in the body. According to the initial clinical experience presented in this study, the use of CBCT-ABS during preoperative embolization can reduce the number of angiographic runs at the cost of an increased total DAP.

In the conventional preoperative embolization procedure, interventional radiologists use a series of DSA and fluoroscopy images to locate the individual arteries that feed the hypervascular tumor. These two image modalities, however, are two-dimensional and thus display overlapped vasculature that often confuses even the most experienced interventional radiologists in clearly identifying the tumor feeders. To make matters worse, the relatively larger bony structures further complicate the process if the tumor is located in the pelvic bone. CBCT-ABS ameliorated such problems by creating a three-dimensional reconstruction of the vascular system around the tumor and by digitally subtracting nearby obstacles that impaired visibility. As a result, fewer angiographic runs were necessary in order to complete the preoperative embolization. In particular, CBCT-ABS may be more useful for inexperienced operators, and for embolization of large tumors with multiple feeders, and for pelvic bone tumors rather than long bone tumors.

The total DAP of the CBCT-ABS group was significantly greater than that of the DSA group (p = 0.002). When the Siemens fluoroscopic equipment was used, a single CBCT-ABS scan (mean, 10197.2 μGym^2^) emitted a radiation dose equivalent to approximately 12.5 DSAs (mean, 812.7 μGym^2^). Therefore, even though the employment of CBCT-ABS significantly reduced the number of angiographic runs, it did not reduce a radiation dose equivalent by a decrement of 12.5 runs. The number of angiographic runs in the CBCT-ABS group (mean, 4.5) was only about 2.5 fewer than that of the DSA group (mean, 7.0).

The mean total DAP of the CBCT-ABS group was 17700.7 μGym^2^ (177 Gycm^2^), which is within the reference range for patient radiation doses in interventional radiology proposed by Miller et al \[[@pone.0175907.ref016]\]. Thus, we think that the increased stochastic risk by using CBCT-ABS is negligible in this patient population with bony metastasis. In addition, CBCT can replace a few of angiographic runs, and distribute the skin dose of radiation over a range of 210°, which can reduce the deterministic effects \[[@pone.0175907.ref017]\]. Unfortunately, cumulative dose is not available in this study, which means that discussion about deterministic effect by CBCT is impossible.

When CBCT-ABS was used, number of DSA runs decreased in this study. However, the procedure time and fluoroscopy time were not reduced with CBCT-ABS. In addition, the use of CBCT-ABS did not influence percent devascularization and the subsequent operation parameters. We think that small study population and more complex cases in CBCT-ABS group may obscure the statistical difference. In addition, complete devascularization of pelvic tumor is commonly impossible due to multiple fine feeding arteries which can not be catheterized, resulting in no difference of operation parameters. Although this study failed to demonstrate the various merits of CBCT-ABS in preoperative embolization of pelvic bone tumor, we think that CBCT-ABC can show us three-dimension configuration of tumor feeders which can facilitate the procedure.

This study contains several drawbacks. First, the study population was relatively small. Thus, generalization of this study results should be proved by further investigation with large study population. Second, this study is retrospective. Thus, the operator's confidence in defining tumor feeders and impact of CBCT-ABS on decision making during the procedure could not be evaluated. Third, there is a possibility of selection bias. The CBCT-ABS became available on February 2015. After the introduction of CBCT-ABS, complex cases were performed in the equipment with CBCT-ABS, although the usage of CBCT-ABS depended on the availability of the equipment.

In conclusion, the results of this study indicate that the use of CBCT-ABS during the preoperative embolization of hypervascular tumors located in the pelvic bone significantly reduces the number of angiographic runs at the cost of an increased radiation dose.

Supporting information {#sec012}
======================

###### Digital subtraction rotational angiography of the left common iliac artery.

(WMV)

###### 

Click here for additional data file.

###### A vertical and transverse rotation of the maximum intensity projection image of the digital subtraction cone-beam CT.

This three-dimension image shows four tumor-feeding arteries.

(WMV)

###### 

Click here for additional data file.
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